Abstract
Results
We identified transcriptional profiles significantly associated with sex (215 genes; FDR < 0.05) and age at surgery (217 genes) in non-involved lung tissue resected from 284 lung adenocarcinoma patients. When these profiles were tested in three independent series of non-tumor lung tissue from an additional 1,111 patients, we validated the association with sex and age for 25 and 22 genes, respectively. Among the 17 sex-biased genes mapping on chromosome X, 16 have been reported to escape X-chromosome inactivation in other tissues or cells, suggesting that this mechanism influences lung transcription too. Our 22 agerelated genes partially overlap with genes modulated by age in other tissues, suggesting that the aging process has similar consequences on gene expression in different organs. Finally, seven genes whose expression was modulated by sex in non-tumor lung tissue, but no age-related gene, were also validated using publicly available data from 990 lung
Introduction
In humans, males and females share a common genome, except for a relatively small number of genes on the Y chromosome; however, the two sexes are noticeably different in morphology, physiology, and behavior. Whole genome analysis of gene expression in different tissues has shown widespread sex differences in the transcriptional profiles of genes [1] [2] [3] . This phenomenon, called sex-biased gene expression, has been attributed to the existence of pleiotropic effects of sex on the regulation of gene expression [1] [2] [3] . A study in Drosophila has indeed shown that female-biased genes on chromosome X have pleiotropic effects [4] .
In addition to sex, other biological factors that strongly influence gene expression are age and the process of aging. Indeed, in studies that used genome-wide analyses, age-related changes in transcriptome profiles have been observed in several human tissues, including kidney, muscle, brain, skin, blood and adipose tissue [5] [6] [7] [8] . However, there is still open debate on whether the aging process causes similar transcriptional changes in all tissues, and, therefore, if it is possible to identify a common aging signature, or if it predominantly induces tissue-specific molecular changes. Indeed, one study found that only a few genes are commonly affected by age in skin, adipose and brain [6] , whereas another found six common age-modulated pathways in a comparison of muscle, kidney and brain [7] . Finally, a meta-analysis of multiple tissues from humans, rats and mice identified common signatures of aging involving, for example, immune/inflammatory responses, cell growth, energy metabolism, and extracellular matrix components [8] .
In lung, the effects of age and sex on gene expression are just beginning to be investigated. One study of post-mortem lung tissue from multiorgan donors found 40 genes that were differentially expressed between 7 young and 6 old persons and obtained preliminary results about sex-related differences in gene expression [9] . Substantially more information is available about the effects of age and sex on lung function and cellular physiology. In general, pulmonary function declines with age, even in the absence of respiratory disease. The elderly population has decreased lung volumes, less efficient functionality of respiratory muscles and reduced forced expiratory volumes, accompanied by modifications in innate and adaptive immunity (reviewed in [10] ). Lung anatomy and physiology as well as the etiology of some respiratory diseases (e.g. asthma, allergic rhinitis, pulmonary hypertension, cystic fibrosis) have been reported to show sex differences, from prenatal lung development to adulthood; some studies suggested a possible role of sex hormones to explain these differences, but sociocultural and genetic differences between the sexes are also thought to be involved (reviewed in [11] ).
In lung cancer, there are conflicting data on the effects of age and sex. Two large cohort studies reported better survival in women than men [12, 13] . Age at diagnosis did not associate with survival in surgically treated patients with stage I non-small cell lung cancer [14] . We previously observed that neither age at diagnosis nor sex was significantly associated with survival in patients with lung adenocarcinoma [15] . In light of this uncertainty, and considering the relevance of age and sex on lung function in health and disease, greater knowledge about the genes modulated by these biological parameters in lung tissue is needed. Such information is crucial for understanding the molecular mechanisms underlying the observed physiological differences among individuals in the absence of disease, and may also help uncover new targets for the treatment of lung pathologies.
In the present work, we studied the role of sex and age on gene expression in lung tissue, by doing a statistical reanalysis of existing microarray data. We first identified genes affected by sex and age in samples of non-involved lung tissue resected from men and women with lung adenocarcinoma over a broad range of ages (discovery series, [15] ). We then determined which of these genes were also differentially expressed in three other series of non-tumor lung tissue (validation series, [16] ). Finally, we examined public datasets of gene expression in lung tumors to determine if the sex-and age-biased transcriptomic profiles observed in non-tumor lung tissue are also detectable in lung cancer tissue.
Materials and Methods

Ethics statement
The present study used existing microarray data from four independent clinical series, already described [15, 16] . Those papers detailed the approval of the study protocols by the institutional ethics committees (Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy, Istituto Clinico Humanitas, Rozzano, Italy, Ospedale San Giuseppe, Milan, Italy, Fondazione IRCCS Cà Granda Ospedale Maggiore Policlinico, Milan, Italy, Institut Universitaire de cardiologie et de pneumologie de Québec, Québec, Canada, University of British Columbia, Vancouver, BC, Canada, University of Groningen, Groningen, The Netherlands) and the collection of surgical samples and clinical data from patients who had provided broad informed consent allowing the materials to be used for research purposes; even though follow-up studies were not explicitly authorized, neither were they explicitly refused, and it was expected by all parties involved that the samples and data would support multiple studies. At the recruitment, the authors got the data that have been, then, used in this study. The current analysis did not require additional ethical approval, because it is a continuation of the originally approved studies on data that were full available prior to their use in this study.
Discovery series
The discovery series consisted of 284 samples of non-involved (apparently normal) lung parenchyma (sampled as far as possible from tumor tissue), and the associated clinical data, from patients who had had lobectomy for lung adenocarcinoma at the Fondazione IRCCS Istituto Nazionale dei Tumori and at other hospitals in the area of Milan, Italy. Details about sample collection, RNA extraction and gene expression profiling on Illumina HumanHT-12 v4 Expression BeadChips have already been reported [15] . Because that study also had a discovery-validation design, the microarray analysis had been done on consecutive sets of 206 and 78 samples (although 2 samples from the first set had been excluded from analysis due to the lack of follow-up data).
The analysis of raw microarray data was done at Fondazione IRCCS Istituto Nazionale dei Tumori in Milan essentially as previously described [15] . Briefly, the two datasets of 206 and 78 samples were processed independently using log 2 transformation and robust spline normalization, implemented in the lumi package [17] of the open source software Bioconductor [18] . Then, the two sets were combined using the ComBat adjustment method [19] implemented in the sva R package [20] . Probes that were not annotated and those with a detection P value < 0.01 in fewer than 10% of samples were filtered out. Finally, when multiple probes mapped to the same transcript, we included only the one with the highest detection rate, defined as the percentage of samples in which the probe had detection P values < 0.01. Gene expression data were deposited in the Gene Expression Omnibus database (GEO, http://www. ncbi.nlm.nih.gov/geo/) with accession number GSE71181.
Validation series
This study also used three validation series, consisting of the discovery and replication sets of another previous work [16] . Here, those sets are called the Laval (n = 409), University of British-Columbia (UBC; n = 339) and Groningen (n = 363) series according to the names of the sites were the patients had lung resection surgery, namely Laval University (Quebec, Canada), University of British-Columbia (Vancouver, Canada), and University of Groningen (Groningen, The Netherlands), respectively. In all cases, non-tumor lung tissues were sampled.
The previous publications [16, 21] detailed the sample collection, RNA extraction and gene expression profiling on custom Affymetrix arrays for all three series. Briefly, expression values were extracted from microarray data using the robust multichip average (RMA) method [22] . When two or more probe sets mapped to the same transcript, the one with the greatest number of present calls was selected. The resulting microarray data were deposited in the GEO database with accession number GSE23546.
Datasets on gene expression in lung cancer
To further validate our findings we downloaded, from the GEO database, five public datasets (GSE68896, GSE30219, GSE31210, GSE37745, and GSE41271). GSE68896 contains normalized gene expression data from fetal lung tissue, whereas GSE30219, GSE31210, GSE37745, and GSE41271 contain normalized gene expression data from patients with lung cancer for whom data about age at surgery and sex were available (S1 Table) . From each lung cancer dataset, we discarded the records about normal lung tissue samples.
Statistical analysis
Associations of gene expression data with sex and age at surgery (used as dichotomous and continuous variables, respectively) were tested using linear regression modeling. Smoking habit was used as a covariate in the validation series but not in the discovery series, as all samples except one were from smokers, nor in the public lung cancer tissue datasets which lacked information about smoking status.
In the validation phase, the two sets of sex-and age-associated genes were tested independently in each validation series. In both discovery and validation phase, all P-values were corrected for multiple testing using the Benjamini-Hochberg false discovery rate (FDR) method [23] ; the threshold for statistical significance was set at FDR < 0.05.
To identify sex-and age-biased known biological pathways, we ran gene set enrichment analysis (GSEA) using GSEA v2.0.13 software [24] . Results were visualized using Cytoscape v2.8.3 software [25] and the Enrichment Map plugin [26] .
Results
To study the effects of sex and age on gene expression in lung tissue, we analyzed a discovery series of 284 surgical samples from Italy [15] and three validation series from Canada and the Netherlands [16] ( Table 1 ). The discovery series had a predominance of men (71.1%) and all but one were ever-smokers. The validation series had a more balanced sex distribution, with men representing 53%-56%, and included patients who were never-smokers as well as current and former smokers. In the discovery series, age of both male (Fig 1A, left) and female ( Fig  1A, right) patients showed a wide distribution, ranging from 36 to 85 years in males (median = 67 years) and from 40 to 83 years in females (median = 62 years). Age also showed a wide distribution in the three validation sets. For Laval, age ranged from 30 to 82 years in males (Fig 1B, left, median = 66 years) and from 33 to 84 years in females (Fig 1B, right, median = 62 years). For UBC, age ranged from 11 to 85 years in males (Fig 1C, left, median = 64 years) and from 4 to 82 years in females (Fig 1C, right, median = 61 years). For Groningen, age ranged from 6 to 83 years in males (Fig 1D, left , median = 56 years) and from 8 to 75 years in females (Fig 1D, right, median = 53 years).
All patients in the discovery series had been treated for lung adenocarcinoma, while the validation series included patients with a variety of different lung cancer types and even patients who had other lung diseases. In all cancer cases, the surgical samples were apparently normal, having been taken from the non-diseased margins of the resected tissue. Considering the reasons for which the patients had lung resection, their smoking habits and their ages at surgery, the Laval validation series was the most similar to the discovery series.
Discovery of transcripts in lung tissue that associate with sex and age
Expression data were available regarding 11,089 genes for the discovery series [15] . Of these, 215 genes (2%) were differentially expressed between men and women (S2 Table) . In particular, 122 genes were up-regulated and 93 genes were down-regulated in men compared to women (FDR < 0.05). All genes had a fold change between -2 and 2 except for two: RPS4Y1, mapping on chromosome Y, was 48-fold up-regulated in men (compared to the background probe intensity measured in females, who do not carry the gene), while XIST, mapping on chromosome X, was 12-fold down-regulated. Altogether, 30 sex-associated genes mapped to the non-pseudoautosomal region of chromosome X, one mapped to the non-pseudoautosomal region of chromosome Y, four mapped to the pseudoautosomal regions, and the remaining 180 genes mapped to autosomes. To determine if these genes distinguishing the normal lung tissue of male and female individuals were associated with particular biological pathways or functions, we performed gene set enrichment analysis (GSEA) [24] using gene sets from the Gene Ontology collection (C5.all.v4.0, retrieved from http://www.broadinstitute.org/gsea/ msigdb/index.jsp). Despite the large number of genes affected by sex, no gene set was found to be enriched in male vs. female individuals.
We then examined the effect of age at surgery on gene expression and found 217 genes that were significantly associated with patients' age (FDR < 0.05; S3 Table) . In particular, the expression of 124 genes was positively associated with age, while 93 genes showed a decreased expression in older patients. GSEA revealed that two major functional themes displayed an altered expression in older patients (Fig 2) . The first included gene sets related to extracellular matrix components and functions, with genes encoding, for example, collagens, laminins and metallo-proteinases. The second comprised gene sets related to pro-inflammatory responses and wound healing.
In order to evaluate a possible effect of chance in finding a number of sex-or age-associated genes similar to those observed in this study, we performed a permutation analysis on the discovery series by randomly assigning sex and age labels for 1,000 times; at each permutation cycle, we calculated: i) the total number of genes with FDR < 0.05, to determine the expected number of significant genes occurring by chance; ii) the number of times each of the 215 sexrelated and 217 age-related genes had an FDR < 0.05. We found that in 969 out of 1,000 permutations no genes were significantly associated with sex, with an expected number of genes by chance of 0.721. Results were similar for age, with 972 of 1,000 times with no significant genes and with an expected number of genes by chance of 1.817. This analysis clearly indicates that the limited number of genes that came out of the analysis was not casually generated.
Validation of the sex-biased transcriptional profile
We then attempted to validate the results from the discovery series in three independent validation series (Laval, n = 409; UBC, n = 339; and Groningen, n = 363) [16] . Of the 215 genes associated with sex in the discovery phase, six were not represented on the platform used to profile the validation datasets. For the remaining 209 genes, the possibility of false-positive results due to the high number of statistical tests carried out was taken into account by correcting the obtained P-values for multiple testing with the Benjamini-Hochberg procedure and setting a significance threshold of FDR < 0.05. With this analysis, 94 genes in the Laval series showed statistically significant and concordant associations with sex and were therefore validated. In addition, 55 genes in the UBC series and 33 in the Groningen series were also validated. Intersection of the lists of genes significantly associated with sex in each of the four datasets (discovery, Laval, UBC and Groningen) highlighted a common set of 25 genes that were validated in all series (Fig 3) . This common set of sex-biased genes in non-tumor lung tissue included five genes that were up-regulated and 20 that were down-regulated in men compared to women. Overall, five of the genes mapped to four different autosomes, 17 mapped to the X chromosome and one to the Y chromosome (pseudo-autosomal regions excluded), and two mapped to the pseudoautosomal regions ( Table 2 ). The two genes that showed an absolute fold change greater than 2 between males and females in the discovery series (RPS4Y1 and XIST) were included in this set.
To assess whether transcriptional differences in the lung of males and females arise at early stages of development, we analyzed public gene expression data of fetal lung tissues (GSE68896, downloaded from the Gene Expression Omnibus database at http://www.ncbi. nlm.nih.gov/geo/). Interestingly, we found that 18 of the 25 validated sex-related genes identified in adult lung tissue ( Table 2) were also differentially expressed between male and female fetal lung tissues (S4 Table) .
Fig 2. Two major functional themes displayed an altered expression in older patients.
Network-based visualization of gene sets enriched in lung tissue in association with age, in 284 patients who underwent lobectomy for lung adenocarcinoma; the analyzed lung tissue was not involved by cancer. Gene set enrichment analysis (GSEA) was carried out using GSEA v2.0.13 software [24] . Briefly, we first ranked genes of the discovery dataset according to the t-statistic of age and sex. Then, gene sets derived from the Gene Ontology database (C5.all.v4.0) were retrieved from the Molecular Signature Database (MSigDB, http://www. broadinstitute.org/gsea/msigdb/index.jsp) and tested for enrichment using a Kolmogorov-Smirnov statistic. Only the 653 gene sets having between 15 and 500 genes were tested for enrichment. An FDR < 0.05 identified significantly enriched gene sets. GSEA results were visualized using Cytoscape v2.8.3 software [25] and the Enrichment Map plugin [26] , with an overlap coefficient cut-off of 0.5. Circles (nodes) represent C5 Gene Ontology gene sets connected by lines (edges) whose thickness is proportional to the number of genes shared between the connected nodes. Circle sizes are proportional to the number of genes annotated in each gene set. Two independent clusters of functionally related gene sets were detected, one (on the left) involving extracellular matrix and the other one (on the right) involving pro-inflammatory response and wound healing. We also attempted to validate the results from the discovery series in four publicly available datasets of gene expression in lung cancer samples (GSE30219, GSE31210, GSE37745, and GSE41271). As these four datasets were profiled with different platforms, data were available for 169 of the 215 genes associated with sex in the discovery series. Among these 169 genes, 52 showed a statistically significant (FDR < 0.05) and concordant association with sex in at least one cancer dataset (not shown). The discovery series and the four tumor series shared a common set of seven sex-biased genes, namely ARSD, CD99, GEMIN8, OFD1, RPS4X, RPS4Y1, and XIST. Interestingly, all of these genes also belonged to the common set of genes validated in all three series of non-tumor lung tissue. 
Validation of the age-biased transcriptional profile
Among the 217 genes associated with age at surgery in the discovery series, 13 had not been investigated in the three validation series (Laval, UBC, Groningen). After correcting for multiple testing, the association with age (with the same direction of effect) was confirmed for 149 genes in the Laval series, 97 genes in the UBC series, and 32 genes in the Groningen series (FDR < 0.05). The intersection of these sets identified 22 common genes showing a concordant direction of effect in all four series (Fig 4) . These included 15 up-regulated and 7 downregulated genes in older individuals, which were found on 14 different autosomes ( Table 3) .
The same analysis was repeated for the four public datasets of lung cancer specimens (GSE30219, GSE31210, GSE37745, and GSE41271). Of the 217 age-associated genes found in the discovery series, 178 had also been investigated in the four tumor series. Statistical analysis showed that only one gene (IRX3) maintained a significant (FDR < 0.05) and concordant association in at least one of the four cancer datasets (not shown), and none maintained the association in all four datasets. Therefore, it was not possible to identify a common set of genes regulated by age in lung tumor tissue.
Discussion
In our discovery series of 284 lung adenocarcinoma patients, we identified 215 and 217 genes whose expression levels in non-involved lung tissue were significantly associated with sex and age, respectively. GSEA analysis revealed that no specific molecular functions were over-represented among the genes altered in males vs. females, whereas genes whose expression was altered in older patients belonged to two major functional categories, i.e. extracellular matrix function and pro-inflammatory response/wound healing. We validated 25 out of 215 sexrelated genes and 22 out of 217 age-related genes in three independent series of non-tumor lung tissue (from a total of 1,111 individuals). Additionally, we validated a common set of seven sex-biased genes in four publicly available datasets of transcriptional profiles of lung tumor tissue (990 total individuals); no common age-associated genes were identified in all four lung cancer datasets, and only one gene was validated in at least one of the four tumor series. Shared transcripts are represented in the areas of intersection between two or more circles. Genes whose expression levels were positively and negatively associated with age in the different series are called "contraregulated"; these genes were not included among the number of validated genes.
doi:10.1371/journal.pone.0167460.g004
Sex-and Age-Related Lung Transcriptome
Regarding the effect of sex on lung tissue transcription, we observed that 17 of the 25 sexbiased genes map to the non-pseudoautosomal region of chromosome X and displayed higher expression in females. These genes have probably escaped X-chromosome inactivation, i.e. the mechanism by which mammals balance gene expression between the sexes through the silencing of one X chromosome in somatic cells of females [27] . Indeed, all these genes have been observed to escape X-chromosome inactivation in an in vitro assay using rodent/human somatic cell hybrids [28] , with the exception of ZRSR2 which was not tested in that study. Xchromosome inactivation is regulated by several factors, including the XIST gene which we found to be highly up-regulated (12 fold) in females. Furthermore, four genes identified here (HDHD1, RPS4X, KDM6A, and ZFX) were found to have higher expression in females in various human tissues [29] , although in that study only KDM6A (alias UTX) was differentially expressed in lung tissue. We also observed the sex-biased expression of genes never reported to escape from X-inactivation in human tissue and also of genes mapping on autosomes, suggesting the existence of other mechanisms of sex-dependent transcriptional control in lung tissue. As we did not find any functional category enriched among male-or female-specific genes, we cannot hypothesize about the mechanisms involved. Of note, in our analysis we did not consider the possible confounding effects of hormonal status on gene expression. Due to the small number (n = 8 women younger than 50 years of age) of non-or pre-menopausal females in our series, we doubt that menopausal status had any relevant impact on our results. Indeed, any subgroup analysis based on age in females would be severely biased by a very small sample size in one subgroup. Finally, we also noticed that >70% (i.e., 18/25) of the sexrelated genes that passed validation showed a differential expression in males and females already in fetal lung, indicating that sexual differences in lung transcriptome are, at least in part, established at the developmental level.
Regarding age-dependent modulation of transcription, our study builds on preliminary evidence [9] of age-related changes in gene expression in non-tumor lung tissue and defines a lung-specific aging signature of 22 genes. Only the HEPH gene of our 22 genes was also present in the preliminary age-related signature of 40 genes reported in [9] . Five genes in our signature have previously been associated with aging in skin and/or adipose tissue [6] . In particular, two of them (DIRAS3, and WISP2) were found to be up-regulated in aged skin; two genes (CXCL9 and RCAN2) were up-regulated with age in adipose tissue; and FMO3 was reported up-regulated in both aged skin and adipose tissue. Their involvement in aging lung, reported here, suggests that these genes may have broad roles in the aging process.
None of the 22 age-related genes identified in this study belongs to the transcriptional signature of aging defined in a meta-analysis of multiple tissues from humans, rat and mice [8] . That study identified age-dependent modifications in the expression of genes involved in several biological processes, including pro-inflammatory response genes, and extracellular matrix function. We, too, found age-related changes in the expression of genes involved in proinflammatory responses and genes encoding extracellular matrix components, in our discovery series. Although there were no common genes between our study and the meta-analysis described in [8] , pathways related to the pro-inflammatory responses and to the extracellular matrix are important in lung function and disease. The known age-related increase in pulmonary inflammation, as observed for example in lungs of patients with chronic obstructive pulmonary disease (COPD) [30] , may reflect the lungs' exposure, over the course of a lifetime, to environmental pollutants and microorganisms. Also, age-related changes in extracellular matrix alter the mechanisms of lung repair and lead to abnormal wound healing and fibrosis (reviewed in [31] ). Such alterations are often observed, respectively, in COPD and in idiopathic pulmonary fibrosis, both associated with aging [32, 33] . Therefore, the age-related genes identified in our study are worthy of further investigation to understand their possible involvement in these pulmonary diseases.
Interestingly, seven genes belonging to the sex-associated profile from non-involved lung tissue were also validated in four lung cancer series. This finding suggests that some sex-related transcriptome changes are maintained in neoplastic tissue which, therefore, is controlled to a certain degree by the same sex-linked factors active in normal lung tissue. In the same four lung cancer series, however, we did not validate any genes from the age-related expression profile and only one gene showed a significant association with age in at least one of the four datasets. This result suggests that gene expression in lung tumor tissue is not affected by factors associated with aging in non-tumor tissue.
One limitation of our study is that we do not have more details about patients' smoking habits (e.g. years of smoking, packs per year) in the discovery series; thus we could not take into account this aspect in our analyses. Also, the study was carried out in whole lung tissue; therefore, the cell-specificity of expression of the validated genes should be further investigated by immunohistochemical studies.
Two other limitations of our study, which might explain the low number of validated sexand age-related genes, are the use of different platforms for gene expression analysis in the discovery versus validation series, and the high degree of heterogeneity, in terms of patients' ages, sex distribution, smoking habits, and types of lung pathology, of the validation series compared with the discovery series. Indeed, the number of validated genes is quite low (around 10% of those found in the discovery series for both sex and age), but the validation was carried out on three independent datasets. Because this approach is stringent, it results in a lower number of validated genes than had we used only a single validation dataset, as seen in the majority of published reports. The relatively few genes validated in our study represent the core of genes that are always significantly associated with sex or age in all of the datasets analyzed; we believe that these are true positives. If we are less stringent and consider the genes found significant in at least one dataset, the numbers of validated genes increase from 25 to 102 for sex and from 22 to 165 for age.
It is interesting to notice that more genes were validated for sex and age in the Laval series, which is clinically most similar to the Italian discovery series, than in the other two validation series. This finding suggests that the transcriptional profiles identified in the Italian discovery series contain a high percentage of real positive associations. This is also supported by permutation analysis results indicating a very low possibility that the obtained numbers of sex-or age-related genes were due to chance.
The mechanisms underlying the observed differential sex or age expression of genes in lung may be due to differences in DNA methylation. Indeed, sex differences in DNA methylation, leading to differential gene expression at various loci, have been reported [34] . Moreover, agerelated changes in DNA methylation have also been observed [35] .
Overall, we found that, in non-tumor lung tissue, several genes undergo a modulation of their expression, which depends on either sex or age of the examined individual. Our findings provide a reliable starting point for a deeper investigation at the molecular level of the role of sex and age in the pathophysiology of lung tissue. Table. Sex-related differentially expressed genes in both adult and fetal lung tissue. Of the 25 validated sex-related genes identified in adult lung tissue, 18 were also found to be differentially expressed between males and females in fetal lung tissue (GSE68896) (DOCX)
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